During tertiary miscible gas injection direct contact between gas and oil can be prevented by water surrounding residual oil. The principal aim of our study is to assess the importance of this waterblocking phenomenon in multicomponent gas injection. We study this process using a multicomponent porescale model. Light components in the gas dissolve in the water and diffuse through the water to reach the oil. This causes the oil to swell. Eventually the oil swells sufficiently to contact the gas directly. However, components in the oil can diffuse into the gas, causing the oil to shrink and preventing the contact. We apply our model to a variety of first-contact and multiple-contact miscible gas/oil systems from published field studies. Due to the low solubility of hydrocarbons in water, oil swelling and shrinkage can prevent direct contact for many days to years. We show that increasing the miscibility of injected gas, by, for instance, moving from a multi-contact miscible to a first-contact miscible displacement increases the time taken to achieve direct gas/oil contact. This leads to an extended two-phase region in the reservoir, even for a thermodynamically miscible gas flood.
Introduction
Mass transfer across water barriers by molecular diffusion is an important process during oil recovery by gas injection. [1] [2] [3] [4] [5] Miscible gas injection is typically applied after a waterflood in which case significant volumes of oil may be trapped within the pore-space in the form of ganglia surrounded by water (Fig. 1 ). In this case the injected gas may not come into direct contact with the oil and recovery will be reduced, as the gas will not be able to displace the oil trapped behind the water. This effect has been observed mainly in the laboratory [6] [7] [8] [9] and is termed waterblocking.
Depending upon the relative compositions of the oil and gas, gas components will diffuse into the oil and oil components will diffuse into the gas. If the first mechanism dominates then trapped oil droplets will swell and may ultimately rupture their retaining water barrier, enabling them to be swept away by the gas. If the second mechanism prevails then the oil droplets will shrink and the gas will be enriched with oil, although inevitably some oil will still be trapped by the water.
Waterblocking during carbon dioxide (CO 2 ) injection has been investigated theoretically by a number of authors. [1] [2] [3] [4] [5] 10 This involves modeling the transfer of a single component (CO 2 ) diffusing through the water into the trapped oil. These studies showed that the time-scales at the pore level over which CO 2 diffuses through the water, swells the trapped oil and ruptures the surrounding water is relatively short (~1 day for a 100µm thick water film) mainly because of the high solubility of CO 2 in water.
Hence it appears that waterblocking is relatively unimportant for oil recovery via carbon dioxide injection over the time-scales of typical recovery schemes (~10 years).
Carbon dioxide is not always available in sufficient quantities for gas injection, whereas many oil fields, located in remote parts of the world, produce large quantities of hydrocarbon gas for which there is no market. In these circumstances it is sometimes economic to mix the produced gas with lighter components of the oil to the point where the mixture is miscible with the oil at reservoir temperature and pressure. This enriched gas is then re-injected into the reservoir. One of the best-known examples of this type of recovery scheme is the Prudhoe Bay field on the North slope of Alaska. 11 Waterblocking in hydrocarbon gas injection is a far more complex problem because it involves multicomponent mass transfer. 5 Light components in the gas diffuse into the oil, causing the oil to swell. In contrast, heavier components from the oil diffuse into the gas, shrinking the oil. It is possible that the water barrier never ruptures, meaning that mass transfer is controlled by the exceptionally slow dissolution of heavy hydrocarbon components, and over the life time of the reservoir thermodynamic equilibrium is never achieved.
To understand the different time-scales involved we perform a simple scaling analysis to assess significance of waterblocking for different components. The time scale for CO 2 diffusion through a water film of length L w = 100 µm-500 µm and for typical reservoir conditions (P = 26MPa, T = 344K) is t ~ is the diffusion coefficient in water and S i,w is the solubility in water (mol of component i / mol of solution). The diffusivity of CO 2 is of the order of 10 -9 m 2 /s 4 and the solubility of CO 2 under these conditions is of the order of S i,w = 10 -2 . 12,13 Typical flow rates in a reservoir setting are around 0.1-1m/day with well spacing between 100m and 1000m. A timescale of 60 minutes to reach equilibrium is equivalent to a mixing zone length of at most a few centimeters, meaning that in this case water blocking has no significant impact on field-scale recovery. If the injected gas were composed of light intermediate hydrocarbon components (say only of n-butane, C 4 , with a solubility of order 10 -4 12,14 , an identical analysis gives t ~ 10 5 s-10 6 s ~ days. This gives a mixing length zone of 0.1 to several meters, which is still small in comparison with the well spacing. Under the same conditions, the time scale for diffusion of heavier hydrocarbon components e.g. octane (C 8 ) is strikingly higher with t ~ 10 7 s-10 8 s ~ years, mostly due to their much lower solubility (of the order of 10 -6 , as estimated from the Solubility Data Series (SDS) 15 ). In this case the mixing zone length exceeds the well spacing. This implies that over a time-scale for gas to move from injection to production wells (around a year or so), gas and oil fail to reach thermodynamic equilibrium, resulting in poor recoveries.
In this paper we shall describe a simple one-dimensional numerical model to investigate multicomponent mass transfer in waterblocking at the pore-scale. We shall then study the dynamics for a range of synthetic gas compositions injected into a reservoir containing an Indonesian crude oil, as well as applying our model to an injected gas and crude oil from North Alaska. We show that the rate of oil recovery and the way it is recovered (either by rupturing the water barrier or being vaporized into the displacing gas) is sensitive to the oil and gas compositions, the oil droplet size and the original thickness of the water barrier. We show cases where the time to reach equilibrium between gas and oil is sufficiently long to affect field-scale recoveries. We discuss for a range of firstcontact and multiple-contact miscible gas/oil systems how an increase in the miscibility of injected gas may lead to prolonged gas/oil contact.
Mathematical Model
We investigate the problem of a single oil droplet trapped within a dead-end rock pore by a water barrier at the pore throat. Injected gas passes through a pore above the water barrier (Fig. 2a) . We represent this system simply as three regions composed of gas, water and oil separated from each other by a sharp interface (Fig. 2b) . We make the following assumptions: 1. The injected gas is miscible in all proportions with the oil. 2. The gas is flowing sufficiently fast that its composition above the water is not altered by mass transfer to or from the oil. 3. The oil and water within the pore are stagnant. 4. The concentration profiles within the water are linear. 5. Hydrocarbon concentrations in the water are sufficiently low that Fick's Law is valid. Pressure and temperature gradients are negligible. 6. The concentration gradient within the oil is negligible. 7. The gas flow rate is constant. 8. The porous medium is strongly water-wet. 9. Vaporization of the water into the gas does not affect the location of the gas/water interface. 10. We ignore capillary effects and the curvature of the oil/water and gas/water menisci in assessing when the water barrier ruptures. 11. The density of the oil is given by the concentrationweighted mean of the densities of its components at reservoir T and P. Assumptions (8) and (9) are very important as they allow us to assume that the gas-water interface is stationary. Assumption (8) means that the water coats all the pore walls and is continuous throughout the porous medium, whereas assumption (9) states that any vaporization of water is compensated by water spreading to maintain the location of the gas/water interface. The position of the gas-water interface is therefore controlled solely by capillary forces (which are in turn controlled by pressure and injection rate). Since from assumption (7) the gas flow rate is constant, the oil-water interface may move as the oil droplet swells or shrinks, but the gas-water interface will not. This means that our model can be simpler than those of Do and Pinczewski 1 and Shearn and Wakeham 5 , who model the movement of both the gas-water and the oil-water interfaces.
Governing Equations
The mass transfer rate of component i, [mol/s] through the water barrier of length
[m] is given by Fick's first law of diffusion: 
where M i [kg/mol] is the molar mass of component i and
] is the density of pure component i. The changes in the density of components due to volume change on mixing have not been accounted for in this study. The constraint that must be satisfied is:
where n c is the total number of hydrocarbon components.
The rate of change of the volume of component i is:
where the molar mass transfer rate in the oil phase, (t), is equal in absolute terms but occurs in the opposite direction to the molar mass transfer rate supplied from the water phase (t):
Swelling of the oil consisting of n c hydrocarbon components can be described by the following equation:
Eq. (6) can be coupled with Eqs. (5) and (1) to obtain:
Finally, combining Eqs. (6) and (7) and using the fact that the rate of increase in the oil ganglion thickness (if swelling of oil takes place) is equal to the rate of shrinking of the water barrier thickness:
we obtain:
This equation describes the dynamics of oil-water interface as a function of multicomponent mass transfer.
In order to describe fully the dynamics of the oil-water interface, Eq. (5) can be expanded to obtain:
The volume of oil phase in time, V (t), is the product of the area of the oil phase and the sum of the initial oil ganglion thickness, , and the thickness that changes in time due to oil swelling/shrinking,
Then inserting Eq. (9) into Eq. (10) and using identities from Eqs. (5) and (8) one obtains:
Eqs. (9) and (12) comprise a system of Ordinary Differential Equations (ODE) which can be solved simultaneously using a numerical solver. These equations were solved in dimensionless form by introducing dimensionless variables:
where is the dimensionless water barrier thickness as a function of dimensionless time and is the initial water barrier thickness; dimensionless solubilities and diffusivities of a component i are non-dimensionalised in respect with the values for methane ( and ). Dimensionless time is:
Using the above notation, Eqs. (9) and (12) written in dimensionless form are:
and
where is the dimensionless ratio between the initial water barrier thickness and the initial oil ganglion thickness.
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Fluid properties
An extensive literature search has been conducted to obtain the values for solubility and diffusivity for each component at the representative reservoir conditions for miscible gas displacements investigated here i.e. P = 26MPa and T = 344K. At the present time, scarcity of the experimental data at high temperature-high pressure conditions requires introduction of reference values for solubility and diffusivity of a well-studied component and extrapolation to the unknown values for other components. Recent methane data at the above conditions were found for solubility, S(CH 4 ) = 1.87·10 -3 mol/mol and diffusivity, D(CH 4 ) = 5·10 -9 m 2 /s. 14, 16 Our methodology for estimating diffusivities and solubilities for other components at high temperature-high pressure conditions is described in Appendix 1.
Results
We first investigate possible physical scenarios in water blocking during hydrocarbon miscible gas displacement of a synthetic oil of a composition nearly identical to the composition of an Indonesian crude oil 17 . The only difference is that we assumed there was no CO 2 and N 2 in the synthetic oil. Later we will discuss the effect of CO 2 on waterblocking behavior. The injected synthetic gases at representative reservoir conditions (P = 26MPa, T = 344K) were verified to be miscible in all proportions with the oil (assumption (1) from the model is satisfied) by using a code based on the isothermal flash studies by Michelsen. 18, 19 Dependent on compositions of synthetic oil and injected gas, one can encounter: (i) rapid oil swelling which results in short times needed to completely wipe out the water barrier shielding the oil (short water barrier rupture times), (ii) slow oil swelling resulting in very long water barrier rupture times, (iii) both oil swelling and oil shrinking where the water barrier eventually ruptures. Compositions of the gases and the oil that give rise to the above three scenarios in water blocking are given in Table 1 (see page 6). We assume that once the water barrier ruptures, the gas and oil completely mix and the local displacement efficiency is 100%. Hence, the rupture time is the key parameter affecting the efficiency of gas injection.
The first scenario is presented in Fig. 3 for the oil and gas composition (1) in Table 1 . The dimensionless ratio of the initial oil ganglion thickness to the initial water barrier thickness was = 0.5 and the initial water barrier thickness was Table 1 . The gas has higher concentrations of the lighter components C 1 to C 5 than the oil and this causes rapid rupture of the water barrier.
In Fig. 3 the injected gas contains components C 1 to C 5 , each of which is initially present in higher concentration in the injected gas than in the oil. This concentration difference is the driving force for transfer of these components from the gas to the oil, which causes the oil to swell. The swelling of oil pushes the oil/water interface towards the gas flow in the main channels, which results in a proportional decrease of the thickness of the water barrier over time. This process ends when water is completely displaced into the main flow channel by the oil; at this point the water barrier will have ruptured i.e. the length of the water barrier is zero. For the compositions (1) in Table 1 we find that the water barrier rupture time on the pore scale is of the order of days (3.7 days). This relatively short time indicates that water in this case does not prevent gas and oil reaching thermodynamic equilibrium over time scales typical of gas injection processes in reservoirs, as discussed in the introduction.
However, if there is insufficient driving force for mass transfer of the hydrocarbon components from the gas into the oil, the oil swelling/water shrinking process becomes so prolonged that the water rupture times are much longer than several days. This is illustrated in Fig. 4 , which shows the dynamics of oil swelling/water shrinking during injection of a synthetic gas containing components C 1 to C 8 (gas composition (2) in Table 1 ). Methane from the gas swells the oil very rapidly but not to the extent that the water ruptures. Rupture only occurs after a long period of time (1.2 years) and is caused predominantly by the oil swelling due to diffusion of components C 6 to C 8 from the gas. Fig. 4 demonstrates an important scenario (scenario (ii) in the introduction) in waterblocking. The fact that the water at the pore scale prevents direct mixing of gas and oil for years results in the two-phase gas-oil mixing zone length being comparable with the field length-scale (well spacing), thus leading to poor oil recoveries. The third scenario -oil shrinking -will occur when the gas of composition (3) from Table 1 is injected. The initial stage of mass transfer through the water is dominated by the methane diffusion from the oil to the gas, which results in the oil shrinking and a proportional increase in the water barrier thickness, as seen in Fig. 5 . However, as the gas injection proceeds, mass transfer of the components from the gas to the oil (in the opposite direction to the methane mass transfer) gradually prevails and the water barrier thickness starts to decrease. This decrease continues until the water ruptures. 17 From the above examples it is seen that, for a given temperature and pressure, the composition of the gas/oil system is the key determinant affecting the movement of the water/oil boundary. Hence it is of practical interest to assess the contribution of each hydrocarbon component to the mass transfer through water. This contribution depends on the product of solubility and diffusivity of a given component (see Eq. (19)), as well as the concentration difference of component between the gas and oil phases. We introduce a weighting function for each component that is the product of solubility and diffusivity. As seen from Table 2 the values of the weighting functions for the hydrocarbon components and pseudocomponents differ by up to ten orders of magnitude. A large concentration difference of components with large values for the weighting function will cause rapid rupture of water. Waterblocking may prevent direct gas/oil contact for a year or more only if the gas contains significant quantities of intermediate to heavy components -C 6+ .
The dependence of rupture time on the dimensionless ratio of initial oil to initial water barrier thickness is presented in Fig. 6 for the oil and gas composition (2) As the porous medium is more saturated in water (lower ) the times needed to break the water increases. The rupture times also scale with the length squared of the initial water barrier thickness (Eq. (18)).
* ow L Case Study: Gas/Oil system from a North-Alaskan field We studied the role of water blocking on an injection gas/crude oil system representative of a field in North Alaska. We considered the reservoir pressure to be P = 26MPa and temperature T = 344K. The composition of the oil and the gas 11 are given in Table 3 . Table 3 . Compositions of the gas and the oil currently used in a North Alaska oil field for miscible displacement.
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As can be seen from Table 3 , the most important difference from the gas and oil compositions in Table 1 is the presence of CO 2 in the gas and the oil. This presence of CO 2 in higher concentration in the gas leads to relatively rapid CO 2 diffusion through the water and therefore rapid swelling of the oil in the initial stage. This process in turn causes fast shrinking of the water barrier, as seen in Fig. 7 . Note that the oil swelling occurs despite simultaneous mass transfer of methane in the direction opposite to that of CO 2 , ethane (C 2 ) and propane (C 3 ) -i.e. methane is being extracted from the oil to the gas and hence contributes only to the oil shrinking. The later stage of the gas miscible process is dominated mostly by the ethane and propane diffusion to the oil, whereas the contribution of all other components to the movement of the oil/water boundary is low. These considerations are clearly seen from the dynamics of the concentration of all components in the oil, as shown in Fig. 8 .
The water rupture is very rapid (1.2days) since the gas contains no components heavier than C 5 . It is interesting to note that although n-C 4 and i-C 4 diffuse from the gas to the oil, the concentrations of these two components in the oil decrease (Fig. 8) . This is due to the volume increase of the oil, which is associated with the oil swelling. Mass balance shows that the sum of concentrations of all components in the oil at any time is 1 (Fig. 8) .
Effect of miscibility on waterblocking: a comparison of multiple-contact and first-contact miscible gas/oil systems We have already shown how waterblocking can significantly slow down gas/oil mixing at the pore scale. Naturally, this mixing will also depend on the gas composition resulting in a different impact of waterblocking on mixing of gas/oil systems of different miscibility. We investigated the influence of composition on waterblocking for: (a) several "rich" gas compositions (MCMg1, MCMg2 from Table 4 ) known to be multiple-contact miscible with the reservoir oil (i.e. their multiple-contact miscibility pressures lie above the reservoir pressure P = 15.5MPa at T = 383K) 28 and (b) the gases (FCMg1, FCMg2 from Table 4 ) which were validated to be first-contact miscible with the same reservoir oil. 18, 19 The firstcontact miscible gases were obtained by further enriching the "rich" gas compositions 28 from (a) to the point where their multiple-contact miscibility pressure is below the reservoir pressure but the first contact miscibility pressure is above the reservoir pressure.
The water-barrier rupture times needed to establish direct contact of the multiple-and first-contact gas and oil compositions from Table 4 are of the order of days, as presented in Fig. 9 . The maximum rupture time (11.3 days) is for the first-contact miscible gas FCMg2 which has the lowest content of methane and highest content of the heaviest hydrocarbon components (C 6 and C 7 ). It is interesting to note that an increase in rupture times is evident when the gas is enriched with the heavier hydrocarbon components (gases FCMg1, FCMg2), so that it is first-contact miscible with the oil. On the other hand, since the multiple-contact miscible gas is richer in methane (gases MCMg1, MCMg2) the oil swelling is more rapid, due to the more rapid methane dissolution in and diffusion through the water as compared to the heavier hydrocarbon components from the gas.
The conclusion of this section is that making a gas more miscible leads to longer rupture times. This is because the richer gas tends to have a lower methane concentration and higher concentrations of intermediate components. One objection to this analysis is that our model assumes firstcontact miscibility and cannot be applied to a multiple-contact miscible or immiscible flood. However, in this example we simply ran the code as described in the mathematical model section. Our approach is applicable to a multi-contact miscible condensing drive, where miscibility is achieved through 1.68 ----C 9 1.68 ----C 10 1.68 ----C [11] [12] [13] 6.72 ----C [14] [15] [16] [17] [18] [19] 6.72 ----C [20] [21] [22] [23] [24] [25] [26] 6.72 ----C [27] [28] [29] [30] [31] [32] [33] [34] [35] 6.72 ----C 36+ 6.72 ---- contact of injection gas with oil that has been repeatedly contacted by gas. This is exactly the process we simulate. However, a full treatment of all multiple-contact miscibility drives and waterblocking is beyond the scope of this paper.
Discussion and Conclusions
The dynamics of multicomponent mass transfer through water barriers during tertiary miscible gas displacement has been modeled at the pore scale. The latest high pressure-high temperature experimental data for solubilities and diffusivities of a number of components have been included in the analysis.
A range of physical scenarios arising from the effect of gas and oil composition on the movement of the water/oil interface has been presented for synthetic hydrocarbon gas/oil systems and their practical significance critically assessed. These scenarios are: (i) rapid oil swelling which results in short times needed to completely wipe out the water barrier shielding the oil, (ii) slow oil swelling resulting in very long water barrier rupture times and (iii) both oil swelling and oil shrinking.
The contribution of hydrocarbon components to the shrinking/rupture of water barrier is evaluated by assigning to each of them weighting functions formed by the product of solubility and diffusivity. Water barrier rupture times of order years are found for cases where oil swelling is limited by the diffusion of components C 6+ . The rupture times increase with a decrease in the ratio between the initial oil to the initial water barrier thicknesses and increase as the square initial water barrier thickness.
A study on a gas/oil system representative of a North Alaskan field 11 has shown the dynamics of waterblocking to be strongly influenced by the presence of CO 2 in the gas and oil phases. A high concentration of CO 2 in the injected gas leads to rapid oil swelling due to the relatively large solubility of CO 2 in water in comparison with hydrocarbon components.
A comparative study of times needed for direct contact between the oil 28 and a range of multiple-and first-contact miscible gasses has indicated that the effect of waterblocking is more detrimental to oil recovery as the gas is more miscibile with the oil.
This work introduces an important additional consideration for the design of multicomponent gas injection projects. At present, the injected gas composition at reservoir pressure is chosen so that it is miscible with the reservoir oil. [20] [21] [22] [23] This is a necessary, but not sufficient condition for efficient displacement. For gas injection after waterflooding (which is usually the case), it is critically important that the gas can directly contact the oil at the pore scale. Water that surround trapped oil ganglia can prevent this contact. However, the dissolution of light and intermediate components in the injection gas and their diffusion through water to the oil causes the oil to swell and displace the water. The water barrier shrinks and eventually ruptures. Once the water barrier ruptures, gas and oil are in direct contact and the displacement is efficient. For efficient recoveries the rupture has to occur over a time-scale small in comparison for the time for gas to move between injection and production wells. This work allows oil and gas composition to be assessed for the possible significance of waterblocking. For a North Alaskan field case we showed that for most plausible scenarios water blocking is unlikely to have a significant impact on recovery. However, we illustrated by using synthetic cases where water blocking was likely to be important. pairs and pseudocomponents were also kept identical when values for solubilities at the other reservoir conditions were estimated (P = 15.5MPa, T = 383K).
Nomenclature
The same rules for extrapolation were applied for estimation of the values for diffusivities of all hydrocarbon components at P = 26MPa and T = 344K. The binary diffusion coefficients of the hydrocarbon components and CO 2 at the standard temperature and pressure were obtained from the Wilke-Chang correlation 27 for infinitely diluted liquids (Fig.  11 ). This is a very reasonable assumption since the solubilities of hydrocarbon components are extremely small. The experimentally obtained reference value for diffusivity at P = 26MPa and T = 344K was that of methane -D(CH 4 ) = 5·10 -9 m 2 /s (extrapolated from Sachs 16 ). When nondimensionalised, this value of methane is set to 1 (Eq. 15). Fig. 11 shows the dimensionless diffusivities of aliphatic hydrocarbons versus carbon number at standard temperature and pressure, as obtained by the Wilke-Chang correlation. The ratios between the diffusivities between the paraffin pairs and pseudocomponents were also kept identical when values for diffusivities at the other reservoir conditions were estimated (P = 15.5MPa, T = 383K).
